ABSTRACT The whitespotted sawyer, Monochamus scutellatus scutellatus (Say) (Coleoptera: Cerambycidae), is one of the most damaging wood-boring insects in recently burned boreal forests of North America. In Canada, salvage logging after wildÞre contributes to maintaining the timber volume required by the forest industry, but larvae of this insect cause signiÞcant damage that reduces the economic value of lumber products. This study aimed to estimate damage progression as a function of temperature in recently burned black spruce (Picea mariana (Miller) Britton, Sterns, and Poggenburg) and jack pine (Pinus banksiana Lambert) trees. Using axial tomographic technology, we modeled subcortical development and gallery depth progression rates as functions of temperature for both tree species. Generally, these rates were slightly faster in black spruce than in jack pine logs. Eggs laid on logs kept at 12ЊC did not hatch or larvae were unable to establish themselves under the bark because no larval development was observed. At 16ЊC, larvae stayed under the bark for Ͼ200 d before penetrating into the sapwood. At 20ЊC, half of the larvae entered the sapwood after 30 Ð50 d, but gallery depth progression stopped for Ϸ70 d, suggesting that larvae went into diapause. The other half of the larvae entered the sapwood only after 100 Ð200 d. At 24 and 28ЊC, larvae entered the sapwood after 26 Ð27 and 21 d, respectively. At 28ЊC, gallery depth progressed at a rate of 1.44 mm/d. Temperature threshold for subcortical development was slightly lower in black spruce (12.9ЊC) than in jack pine (14.6ЊC) and it was 1ЊC warmer for gallery depth progression for both tree species. These results indicate that signiÞcant damage may occur within a few months after Þre during warm summers, particularly in black spruce, which highlights the importance of beginning postÞre salvage logging as soon as possible to reduce economic losses.
Salvage logging is considered an efÞcient way of minimizing the economic impact of large-scale wildÞres in all forested regions of the world (Lowell et al. 1992, SaintÐGermain and Greene 2009 ). In the United States, this is an important issue because of the reductions in land base available for timber harvesting (Lowell et al. 1992) . In Canada, it is viewed as a measure that can contribute to maintaining the timber volume required by the forest industry, particularly within the context of recent reductions in annual allowable cuts (Lowell et al. 1992 , SaintÐGermain and Greene 2009).
Insects are major agents of deterioration of Þre-damaged and Þre-killed trees (Lowell et al. 1992) . They attack trees rapidly, they loosen the bark by feeding on the phloem, and some species such as the whitespotted sawyer, Monochamus scutellatus scutellatus (Say) (Coleoptera: Cerambycidae), excavate deep galleries into the wood (Raske 1972 ). This insect is considered to be the most damaging xylophagous species in recently burned boreal forests in Canada (Gardiner 1957) . Cerezke and Volney (1995) reported a loss up to 30% in wood value from downgrading because of whitespotted sawyer tunneling in trees in several burned forests in the Prairie provinces of Canada.
M. s. scutellatus is widely distributed throughout North America (except in the central part of the United States), where it attacks pines, spruces, and balsam Þr (Raske 1972 , Cerezke 1977 , Yanega 1996 . Its life cycle is completed in 1 yr in the southern part of its range, but it may take 2 yr in the northern part (Peddle 2000) . In Canada, most individuals complete their life cycle in 2 yr. In Alberta, Cerezke (1977) reported that 25% of whitespotted sawyers go through a 1-yr life cycle; in Quebec, only 10% complete their life cycle in 1 yr in the boreal forest (unpublished data). Other Monochamus species also have a 1-or 2-yr life cycle. For example, Monochamus carolinensis (Olivier) has a 1-yr life cycle in the eastern United States (Pershing and Linit 1986) and Monochamus saltuarius Gebler, which is distributed in East Asia, Russia, and Central/Eastern Europe, has a 1-yr life cycle, but some individuals require 2 yr (Togashi et al. 1994) . Most species of Monochamus enter an obligate diapause during their last larval instar, but species or individuals going through a 2-yr cycle also need to enter diapause at an earlier larval instar (Rose 1957 , Togashi 1991 .
The Þrst and second instar larvae of the whitespotted sawyer feed on the subcortical tissues, whereas the third instar larvae begin to excavate into sapwood near the end of the Þrst summer (Raske 1972) . After overwintering, larvae resume activity and continue digging toward the heartwood. Later in the summer, they turn back and dig toward the bark, forming a U-shaped gallery that is characteristic of the genus Monochamus (Wilson 1962 , Alya and Hain 1985 , Akbulut et al. 2004 ). Fourth instar larvae overwinter 5 mm beneath the outer bark (Peddle 2000) . Larvae pupate in early spring (May) of the second year and adults emerge from the bole at the beginning of the third summer (JuneÐJuly), thus completing their 2-yr life cycle.
The preparation of salvage logging plans requires time and often the construction of new roads to reach inaccessible burned forests, particularly in the boreal region. Meanwhile, woodborers deposit eggs, and larval development begins and progresses rapidly because the temperature in a burned forest is much warmer than in an unburned one (Hossack et al. 2009 ). Therefore, it is a race against time to salvage burned trees before woodborer galleries reduce wood value to such an extent that it would become worthless. The global warming will reduce the temporal window during which salvage logging is proÞtable, thus increasing pressure on forest managers to make rapid and efÞcient decisions. Although several studies have estimated economic losses caused by woodborer damage on Þre-killed trees (Richmond and Lejeune 1945, Prebble and Gardiner 1958) , not one has addressed the issue of predicting damage progression over time. This information is crucial for improving management of burned forests. It requires studying damage progression into the wood as a function of temperature to acquire basic information that might later be incorporated into a predictive model.
Considering the small size of the tunnels and the speed at which damage progresses within the bole, one needs to rely on nondestructive and highly precise technology to characterize the process. Axial tomography (CT scan) is a nondestructive technology that was originally designed for medical applications, but it is now used for other purposes. For instance, sedimentologists use this technology to identify and quantify the space occupied by benthic organisms in marine sediments (Gagnoud et al. 2009 ). More recently, Jennings and Austin (2011) also used a micro-CT scanner to characterize the shape and position of tunnels formed by larval xiphydriid woodwasps. In our study, we used three-dimensional high-resolution images processed by CT scan to monitor whitespotted sawyer larval galleries inside logs over time. SpeciÞcally, the objectives of our study were to determine 1) the time of larval entrance into the sapwood of burned black spruce (Picea mariana (Miller) Britton, Sterns, and Poggenburg) and jack pine (Pinus banksiana Lambert) logs to determine subcortical development rates, and 2) the progression of gallery depth to estimate ongoing damage as a function of both temperature and tree species.
Materials and Methods
Origin of Logs Used in the Experiment. This experiment was carried out using logs cut from burned black spruce and jack pine trees on 16 July 2008 in a 10-ha burn (50Њ 19Ј N; 71Њ 10Ј W) located near Lake Peribonka, 200 km north of Lac St-Jean, QC, Canada. Fire was ignited by lightning on 12 July 2008 and Þre severity was low, with trees still having a green crown in the higher canopy but reddish needles in the lower canopy and slightly carbonized bark. The Þre mostly burned mature stands (Ͼ120 yr old) in which black spruce was the most abundant tree species (70%), but where jack pine also was a signiÞcant component (30%). For each species, seven trees with a diameter at breast height of 15Ð20 cm were randomly selected and cut down. Five 40-cm-long log sections were cut between 0.5 and 2.5 m from each bole. A total of 35 black spruce logs and 35 jack pine logs were thus collected. The logs were brought back to the Laurentian Forestry Centre in Quebec City and stored in a cold room at Ϫ4ЊC. The ends of each log were waxed to reduce moisture loss. Then, the logs were stored at Ϫ40ЊC for 3 d to kill potential woodborers.
Whitespotted Sawyer Breeding. Whitespotted sawyer adults were collected on recently cut black spruce and balsam Þr (Abies balsamea (L.) Miller) log piles between 6 and 18 July 2008 at Forê t Montmorency (47Њ 19Ј N; 71Њ 08Ј W), the experimental forest belonging to Université Laval. Each specimen collected was kept individually in a 150-ml plastic bottle in which a balsam Þr twig was added as food. The bottles were stored in a growth chamber at 12ЊC to keep adults alive as long as possible. The breeding cages consisted of a transparent plastic container (15 by 10 by 50 cm) with one screened opening on each side. One 40-cm-long log of black spruce or jack pine was randomly selected and placed in one of the cages. Three whitespotted sawyer males and two females were placed in each cage over 3 d for mating (if not already done on the Þeld) and oviposition on the logs. Two balsam Þr twigs were placed inside each container for feeding and water was sprayed in the cages every day. During this 3-d period, rearing cages were stored at 22ЊC with a photoperiod of 14:10 (L:D) h. Meanwhile, any dead specimen was replaced by another of the same sex.
Rearing and CT Scanning. After the aforementioned 3-d period, the Þve logs cut from each tree were randomly distributed among growth chambers set at Þve temperatures (12, 16, 20, 24 , and 28ЊC), with constant relative humidity (60%) and a photoperiod of 14:10 (L:D) h. As seven trees of each species were cut, we exposed seven logs of each tree species to each of the Þve temperatures. Three weeks after the beginning of the experiment, the logs were scanned for the Þrst time using a Siemens Somatom Volume Access scanner. Afterwards, the logs were scanned regularly but at different frequencies depending on the temperature at which they were placed. A permanent mark was made on each log to ensure consistent positioning and alignment of the log at each scanning session. During such a session, a log is placed on the scanner bed that slides into a gantry made of a round tube equipped with an X-ray source in one part and 32 arrays of 600 detectors each on the opposite part. Through a rotating movement, the detectors receive X-ray radiations at different angles (every 5 degrees) around the log and produce a series of two-dimensional transversal images (Ketcham and Carlson 2001, Michaud et al. 2003) . Each picture is the result of the variable permeability of different materials to X-rays, mostly owing to their density (Pierret et al. 2002) . This measured X-ray intensity is attenuated through material following the BeerÐLambert law (equation 1):
where I is the attenuation intensity captured by receivers, I 0 represents the emitted radiation intensity, x is the length of the X-ray path through the material, and s is the mass absorption coefÞcient of the sample. When this coefÞcient is compared with the coefÞcient water in equation 2, we obtain the tomographic intensity (TI) expressed in HouseÞeld units for each scanned point (or voxel):
By comparing TI with TI water (TI water ϭ 0 and TI air ϭ Ϫ1,000 by convention), the resulting TI corresponds to a tomographic density value that varies as a function of the wood material and empty spaces in the galleries (Capowiez et al. 1998 , de Montety et al. 2003 , Michaud et al. 2003 . The tomographic intensity of each corresponding voxel (volumetric pixel) was transmitted to the CT scan computer of the scanner and was represented on a gray scale of 4,096 values with one value per pixel (Michaud et al. 2003) . Approximately 1,000 0.6-mm-thick transversal sections were obtained per 40-cm log with a pixel resolution of 0.4 by 0.4 mm on a matrix of 512 by 512 pixels. A radiation energy of 140 kV and 40 mA was used (Dufour et al. 2005) .
Data Analysis. Pictures of each log were reconstructed in three dimension with a program developed using Matlab (Natick, MA), a type of software developed for treating medical images. Using successive pictures of the same logs made it possible to identify each gallery and measure its depth (from inner bark toward the center in millimeters), which was considered as the best estimate of woodborer damage. It also made it possible to estimate the time of entrance of each larva into the wood as well as its progression toward the tree center at different rearing temperatures in both tree species. Logs in which gallery progression was not recorded or could not be monitored during each scanning session were discarded from the analysis. Overall, this represented 40% of the logs.
Statistical Analysis. Temperature-dependent development rates of insects usually are nonlinear Milliken 1988, Subramanyam and Hagstrum 1993) , and the progression of M. s. scutellatus galleries at different temperatures also followed a sigmoid curve (see Fig. 1 ). Thus, the nonlinear ChapmanÐ Richards model, which is often applied to forest growth (Pienaar and Turnbull 1973, Zhao-gang and Feng-ri 2003) , was used and expressed as follows:
where Y is the depth of the galleries, x is the number of days since the beginning of the experiment, ␣ is a parameter controlling the maximum depth of the galleries (curve asymptote), is a parameter expressing the progression rate of the galleries, and ␤ is a parameter shaping the curve. As logs were our experimental units, we Þrst determined the average depth of galleries in each log after each scanning session. Then, we used these log averages to calculate tree species averages at each temperature. The nonlinear function was then applied to these averages to model gallery depth progression as a function of temperature for each tree species. We used PROC NLIN (SAS Institute Inc., version 9.2, Cary, NC) with the GaussianÐ Newton iterative method (maximum number of iterations ϭ 100; Fekedulegn et al. 1999) to Þnd the best Þt for each function. As SAS did not provide the coefÞcient of determination, it was calculated using the DataFit 9.0 computer program (Nowatzki et al. 2002) .
The ChapmanÐRichards function was used 1) to estimate larval subcortical development rate, and 2) to describe the average depth progression rate of galleries into sapwood and xylem at each temperature. The reciprocal of the time required to reach 5% of the maximum depth (1/time to reach 5% of maximum depth), as determined from each ChapmanÐRichards function, was used as the larval subcortical development rate. The depth progression rate of galleries was estimated as the reciprocal of the time elapsed for June 2013 BÉLANGER ET AL.: DAMAGE PROGRESSION OF WHITESPOTTED SAWYERtunneling between 5 and 95% of the maximum depth on curves for each temperature. Linear regressions were used to model larval subcortical development rate and gallery depth progression rate as a function of temperature and tree species. These models made it possible to estimate temperature thresholds for subcortical development and gallery depth progression for each tree species.
Results
Chapman-Richards Models. The high coefÞcients of determination obtained with the ChapmanÐRich-ards models revealed good Þts of this function with our data (r 2 ϭ 0.96 Ð 0.99). At 16, 24, and 28ЊC, curves were similar for both tree species, but gallery depth progression was always higher in black spruce (Fig. 1) . Furthermore, the maximum depth reached by whitespotted sawyer larvae increased with temperature. At 16ЊC, maximum gallery depth averaged 22.8 and 19.3 mm for black spruce and jack pine, respectively (Fig.  1D) . At 24ЊC, it averaged 42.3 mm for black spruce and 38.2 mm for jack pine (Fig. 1B) , whereas at 28ЊC, maximum gallery depth was 51.8 mm in black spruce and 46.6 mm in jack pine (Fig. 1A) .
At 20ЊC, the depth progression rate was clearly slower and much more variable than at any other temperature for both tree species (Fig. 1C) . Moreover, the ChapmanÐRichards model was inadequate for modeling gallery depth progression as a function of time at that temperature because it stretches the curve to such an extent that galleries would be predicted to occur earlier than at 28ЊC. Thus, we studied the depth progression of each gallery and came to the conclusion that they should be classiÞed into two groups (Fig. 2 ).
1. Early entrance into sapwood: Slightly more than half the larvae entered rapidly into the sapwood, that is, between days 30 and 70 in black spruce and slightly later in jack pine, between days 48 and 133. In black spruce, larvae dug into sapwood for 15Ð20 d but then gallery depth progression stopped for Ϸ70 d and resumed after day 133 ( Figs. 2A and 3) . In jack pine, after early larval entrance, gallery depth progression stopped or continued very slowly (Fig. 2C ). 2. Late entrance into sapwood: Nearly half the larvae entered late into the sapwood, that is, between days 69 and 133 in black spruce and later in jack pine, after 158 d. After larval entrance into the sapwood, several galleries stopped for Ϸ22 d and maintained thereafter a slow depth progression in black spruce (Fig. 2B) , whereas galleries showed constant progression in jack pine (Fig. 2D ).
After separating galleries into these two groups, a gallery depth progression model was developed using the ChapmanÐRichards function. Gallery depth progression of the early group in black spruce was a combination of two progression functions separated by a plateau of no progression (Fig. 4) . The maximum depth reached was 24.7 mm for the Þrst portion of the curve and 46.4 mm for the second portion. The late groupÕs curve in black spruce caught up with that of the early group near day 150 and reached a depth of 42.0 mm. In jack pine, the early groupÕs curve reached a maximum depth of 21.8 mm compared with 37.7 mm for the late group (Fig. 4) . In this case, the curve shape was different between the two groups as well as when compared with black spruce (a lower slope for the early group in jack pine).
Subcortical Development and Gallery Depth Progression Rates. The time spent by larvae feeding on subcortical tissues before entering the sapwood was estimated at 21 d for both tree species at 28ЊC compared with 26 and 27 d at 24ЊC for black spruce and jack pine, respectively ( Fig. 1A and B) . At 20ЊC, larvae of the early group stayed under the bark for 32 d in black spruce compared with 48 d in jack pine (Fig. 4) . In the late group, larvae stayed for 124 d in black spruce and 224 d in jack pine. At 16ЊC, larvae stayed for 207 d in black spruce compared with 217 d in jack pine (Fig. 1D ). The temperature thresholds over which subcortical larval development was possible, estimated using regression equations, were slightly lower in black spruce (12.9ЊC) than in jack pine (14.6ЊC) (Fig. 5A) . The temperature thresholds for gallery depth progression were also lower in black spruce (14.0ЊC) than in jack pine (15.6ЊC) (Fig. 5B ) but were 1ЊC warmer for both tree species than the thresholds for subcortical larval development. However, we must be cautious with thresholds based on gallery depth progression, as they differ from larval development, even if they are directly related. The gallery depth progression into the xylem was also faster in black spruce than in jack pine ( Fig. 5B and Table 1 ).
Discussion
The CT scan is a nondestructive tool that allowed us to determine that subcortical development and gallery depth progression rates varied with temperature and were generally faster in black spruce than in jack pine. However, no damage was observed in logs placed at 12ЊC, a temperature that was below the estimated subcortical (eggs and the Þrst two larval instars) developmental threshold. In our study, egg development and hatching were embedded in subcortical development, and thus the real temperature threshold for egg development and hatching is unknown. Threshold temperature required for egg hatching of Monochamus (Kobayashi et al. 1984) . Whether M. s. scutellatus eggs hatch at 12ЊC or not thus remains to be determined. In our study, eggs may have exhausted their resources and dried out before hatching or, if hatching occurred, young larvae were unable to establish themselves under the bark at a temperature below their estimated developmental threshold. Eggs and larvae of the whitespotted sawyer developed at 16ЊC, albeit slowly, and they were much less numerous than at higher temperatures, indicating higher mortality. This is in agreement with the temperature thresholds estimated for subcortical development in our study (12.9 and 14.6ЊC on black spruce and jack pine, respectively). Naves and deSousa (2009) estimated, under laboratory conditions, that the threshold temperature for larval development of Monochamus galloprovincialis (Olivier) was 12.2ЊC, which is close to our estimates for M. s. scutellatus. At 16, 24, and 28ЊC, gallery depth progression curves modeled with the ChapmanÐRichards function rapidly increased with temperature after entrance into the sapwood and Þ-nally reached an asymptote, suggesting that larval progression had then stopped. After excavating galleries in half the logs at a given temperature, most larvae that had not completed their development were found dead at the last larval instar in their galleries for both tree species. In a similar experiment on M. carolinensis (Olivier), Akbulut et al. (2004) reported that only 12% of larvae survived. They suggested that substrate degradation and desiccation or competition among larvae and cannibalism might cause such high mortality. Reaching these asymptotes might also result from the digging behavior of larvae. After entering the xylem and digging toward the heart of the logs, the larvae changed direction in preparation for getting back near the bark for pupation (U-shaped gallery); it occurred mostly at 24 and 28ЊC. In our study, the Matlab algorithm was programmed to calculate gallery depth between the cambium and the maximum depth of a gallery as measured along a radius going from the cambium to the center of the log. Our results suggest that whitespotted sawyer life history is highly ßexible. At high temperatures (24 and 28ЊC), larvae developed rapidly and may exhibit a 1-yr life cycle, whereas at low temperatures (16ЊC), they developed slowly and obviously exhibit a 2-yr life cycle. At 20ЊC, two patterns were observed. Nearly half the larvae entered rapidly into black spruce sapwood and then stopped their development (early group). Such a hiatus may refer to a diapause for which the temporary suspension of insect development is usually induced by environmental cues (mostly temperature and photoperiod) to avoid adverse conditions (Tauber and Tauber 1976, Danks 1987) . However, for cryptic species such as woodborers, the use of photoperiod as a cue is not feasible. Moreover, in our experiment, insects developed in logs placed in growth chambers where environmental conditions remained constant (same temperature and photoperiod). Our observations appear to correspond to the "passive" setting for initiating diapause (Danks 2002) in which development stops even if conditions do not change. However, in such a situation, diapause usually ends when conditions change, which was not the case in our experiment.
Larvae that entered the sapwood later at 20ЊC (late group) and those that were reared at 16ЊC spent more time in subcortical tissues, where they may have developed slowly or entered diapause. Beetles from the early group might be those that go through a 1-yr life cycle, whereas those from the late group may go through a 2-yr life cycle and may thus simply develop more slowly. As larvae could go through a diapause before and/or after entering the sapwood at 20ЊC (usually at the third instar), diapause could thus be done at different instars, as reported by Rose (1957) . At 24 and 28ЊC, it is likely that larvae entered quickly into the sapwood and died before or during diapause. The diapause of Cerambycid beetles is currently poorly known, and further studies are needed to better understand the mechanisms that drive this complex process.
The rapid subcortical development and gallery depth progression rates obtained at higher temperatures in the laboratory suggest that larval damage could reach high levels on the Þeld only a few months after a wildÞre during a hot summer. This is particularly true for black spruce, as the threshold for subcortical development was lower than in jack pine, suggesting that black spruce is a more suitable food for the whitespotted sawyer. It has been shown that both Þre frequency and area burned have increased over the past four decades (Flannigan et al. 2005) and this upward trend is expected to continue (Gillett et al. 2004) . Faced with the decreasing availability of timber resources, we also anticipate that salvage logging in burned areas will continue to help maintaining wood volumes allocated to the forest industry. The use of CT scans provides the opportunity to characterize damage and improve knowledge on the biology of the whitespotted sawyer, and could also be used for other woodborers. Indeed, more research using this technology on the total length and shape of whitespotted sawyer larvae galleries would be interesting to pursue. The subcortical development and gallery depth progression rates determined in this study will make it possible to develop a model for predicting whitespotted sawyer larval damage as a function of temperature to help forest managers improve salvage logging plans.
